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A. KLYSTRONS
1. Multiple-Cavity Klystron Theory
The theoretical work reported in the Quarterly Progress Report of January 15, 1956,
page 55, continues. A general theory was developed for the small-signal gain of a lon-
gitudinal amplifier. The amplifier consists of an electron beam periodically coupled to
cavity gaps placed along its length. Except for the electron beam, the cavities are
electromagnetically uncoupled. We shall apply this theory to the gain analysis of a
multiple-cavity klystron. Unlike our previous analysis, the drift regions are analyzed
on the basis of space charge, and now a complete two-wave analysis is given.
The amplifier structure is shown schematically in Fig. VI-1. It consists of (N+2)
identical cavities (only the gaps are shown in Fig. VI-1) with "short" gaps; the stacking
of the cavities within the over-all tube is symmetric, and the spaces between cavity gaps
are identical, field-free, drift regions. Under the following operating conditions:
1. all cavities are tuned to resonance;
2. signal source is matched to input cavity;
3. load is matched to output cavity;
the maximum available gain is
Y 1 M4 2m x  4 
I
max 4 2 VG
(1)
where V is the kinetic voltage in the beam at the input cavity
modulation in the beam at the output cavity gap, G = Gs rr Gel,
coupling coefficient (see Quarterly Progress Report, January 15,
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Fig. VI- 1. Multiple-cavity klystron
amplifier.
gap, I is the current
and M' is the beam
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Fig. VI-2. Prototype section of amplifier
periodic structure.
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Because of the presence of the electron beam, this amplifier periodic structure can
propagate both a growing wave and a decaying wave in the direction of electron flow.
The gain of both waves can be determined from the prototype of the periodic structure
shown in Fig. VI-2. From the two-port matrix characterization of the prototype, we
find the propagation of the growing wave
e = A 1 + 1 - 1 (2)
and the propagation of the decaying wave
e -=A L - 1- 1/2 (3)
where A = cos O - jp sin 0, = M2Y /2G
, 
Yo = (Io/2V )(q /e ), and 0 is the space-charge
transit angle. The excitation of these waves at the input to the amplifier periodic struc-
ture is determined by
p- 1
r - (4)
p+l
where
2 + j cot
2 2
- j tan
Thus, the maximum gain of the over-all amplifier, Eq. 1, becomes
2(e )N 2 (e Y)N2
m = 2 sinO (5)
1 - 1 2
We choose for an example the calculation of the maximum gain of the eight-cavity
klystron whose experimental performance is reported in Sec. VI-A. 2. The approximate
design characteristics of this klystron are:
V = 10 kv X = 10 cm
o
P = 1 X 10 - 6 amp/volt3/2 X = 24. 2 cm
-5
yb = 0. 805 G = 1. 24 x 10-5 mho
a 1. 25 (N + 2) = 8
Equation 5 then predicts a maximum gain of ma= 115 db. A. Bers
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2. Experimental Multiple Klystron
The tube described in Sec. VI-A. I was built and tested. It exhibited a gain of about
110 db at 12-14 kv. Since the cavities were fix-tuned and not adjustable after the assem-
bly of the tube, no estimate of the effect of stagger tuning could be made.
The saturation peak-power output was about 250 w, with a beam power of about
15 kw peak. This low efficiency was the result of the very high gap impedance of the
cavities, which caused electrons to be turned back at fairly low currents.
Design studies are being made of a tube that will have a multiple-cavity, stagger-
tuned "buncher," a drift length, and a low-Q output cavity.
L. D. Smullin, B. A. Highstrete
3. Klystron Efficiency
The conditions of maximum efficiency and the value of this efficiency for two-cavity
and three-cavity klystrons were analyzed by Feenberg (1) by means of the kinematic
approximation. Webster (2) generalized this analysis for the two-cavity klystron by
including space charge. This approach becomes extremely difficult as the number of
cavities increases. Haus (3) showed, for the two-cavity case, that if overtaking is
precluded, a space-charge analysis is equivalent to Webster's analysis.
The space-charge analysis can be extended to the three-cavity case, but it makes
the analysis somewhat more complex. With two cavities, only velocity modulation exists
at the input to the drift region to be matched to the general solution within this region.
With three cavities, both velocity modulation and current modulation must be assumed
to exist, with arbitrary amplitudes and phases. As long as small-signal quantities are
assumed, the problem can be solved exactly. After making these assumptions, results
quite analogous to the kinematic solutions were obtained.
For high gain, the maximum efficiency is 44 per cent, as found by Haus for the
two-cavity case. This result corresponds to the maximum kinematic efficiency of
57 per cent for either two or three cavities with high gain. The first section of the
three-cavity klystron with high gain simply acts as a velocity amplifier, leaving the
solution between the second and third cavities essentially unchanged. In order to achieve
higher efficiencies, we must, in effect, achieve second-harmonic bunching (1). It can be
achieved without second-harmonic drive by velocity-modulating a beam that already has
an appreciable first-harmonic current modulation. This product effectively produces
the desired second-harmonic bunching. Velocity and current at the input to the second
drift region must have the correct phase relation in order to make the second-harmonic
component additive. The general bunching mechanism and phase relations are shown
in Fig. VI-3 for the case in which x = 1 at the second cavity.
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Fig. VI-3. Phase relations between velocity modulation
and charge-density modulation.
The velocity modulation at the output of the second cavity must be 900 out of phase
with the current in it. The sense is then chosen to speed up the lagging particles and
to slow down the leading ones. The diagram shows that the first-harmonic velocity at
the second cavity is equivalent to a nonsinusoidal modulation at the first cavity and it
includes a large second-harmonic term. In the space-charge case, "second-harmonic"
bunching can be more effective than in the kinematic case, because the original excess
velocities at the first cavity become zero at the second cavity, if there is a quarter
space-charge wavelength between them. This allows tighter bunching before crossing
occurs. The necessary 90' phase shift is achieved by detuning the second cavity. Com-
putation of the maximum efficiency by the space-charge analysis method gave a value of
74 per cent, which is identical to the percentage obtained from the kinematic approxi-
mation. Neither analysis is strictly correct, since both assume small signal current
at the second cavity - an assumption that is violated under the conditions for optimum
efficiency.
It is somewhat difficult to compare the accuracy of the two approaches in regard to
the computation of efficiencies of high-power klystrons. The reason is that both over-
taking and space-charge forces play important roles. The equivalence of the answers
obtained from both methods lessens the importance of such comparison. The real power
of the space-charge analysis, however, will be realized in the analysis of multiple-
cavity klystrons. As long as the current and velocity at the next-to-last cavity are
considered small-signal, the complexity of the problem is not much greater than for the
three-cavity case. Space-charge analysis should also be applicable to the distributed
klystron (4) which has a drift region between the last two cavities.
A. J. Lichtenberg
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4. Large-Signal Space-Charge Analysis of a Three-Cavity Klystron
From the equations of motion in a space-charge region, we can derive a differential
equation for the velocity
d2v(z, t) _ e [J + p v t) (1)
dt 2  me o poV z,
This has a solution
eJ
v(t, t o ) = A(to) cos [ (t - t ) + (t)] - 0
P (2)
2 ePo
p mE
Thus, the velocity of any particle that entered the region at time t o can be expressed
as a function of to and any later time t, where t o can be considered as a function of z
and t
to = f(z, t)
If we consider this solution between the second and third gaps, the input velocity and
current can be written most generally as
V 1 = Vg sin wt + ZYbVga cos Wt (3)
J = -Y Vg a cos ot
where a sin q I and y = cos p 1, in which I is the distance between the first and
second gaps. Using expression 3, we can solve for the arbitrary constants in Eq. 2.
Integrating with respect to time, we get
VV
to)  p 2Vo b 2V op
V
So a cos w(t - to) - 1 sin wto + vo(t - to) (4)
Wp 2V o
with the added restriction that dz/dt >, 0, for no overtaking.
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We can assume a large signal current of the form
I(z, t) A= cos n(wt - wz + B sin n t
n v n v
n= 1o o
in which A and B are the usual Fourier coefficients.
n n
of charge,
Using the principle of continuity
I(z, t) dt = I(to) dt
°
The coefficients of the first-harmonic current may be written
A i(to )t
1 I
B = I(to )B 1  -0-
-iT
cos (t -z d(wto
sin Wt -vz d(wto
-0)-
Substituting the value of z from Eq. 4, expressions (7) become functions of t alone
over the limits of integration and are integrable, at least in principle. Subject to the
condition that dz/dt = 0, these integrals give the value of the first-harmonic current
at the third gap.
A. J. Lichtenberg
B. NOISE THEORY
See "An Improved Measure of Noise Performance," Sec. XII-A.
(7)
